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The effects of Fe-substitution on partially Yb filled skutterudites YbyFexCo4-xSb12 are presented
from the viewpoint of crystal structure and thermoelectric, magnetic, and transport properties. A
series of polycrystalline n-type YbyFexCo4-xSb12 (0.21 y 0.47, 0 x 0.76) samples were pre-
pared using a high-pressure and high-temperature method. X-ray diffraction data suggest that all
the compounds are high-purity skutterudites. For the YbyFexCo4-xSb12 with Yb content higher than
0.29 and Fe content lower than 1, the lattice constant shows a saturated behavior despite the change
in the Yb/Fe content. Rietveld refinement based on the synchrotron radiation X-ray data implies
that the rectangular Sb4 ring is transformed into square with increasing Yb content and/or Fe substi-
tution content. The Yb valence gradually decreases as the Fe content increases from magnetic
susceptibility analysis. According to the specific heat analysis, higher Yb filling benefits the lower
Debye temperature while the Fe substitution leads to an increased Debye temperature. The Einstein
temperature decreased with increasing Yb filling fraction, but Fe substitution for the Co site does not
change the Einstein temperature further. Fe-substitution causes the reduction of total thermal conduc-
tivity j, which mainly originates from the decrease of electron thermal conductivity contribution. The
resistivity, Seebeck coefficient, thermal conductivity, and figure of merit (ZT) were effectively tuned
due to the optimization of the carrier concentration. At the same carrier concentration, the hall mobil-
ity was decreased by Fe substitution. The proper Fe substitution content (0.2 in Yb0.25Fe0.2Co3.8Sb12)
can result in a relatively high effective mass. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4972194]
I. INTRODUCTION
Following Slack’s ideal thermoelectric (TE) material
Phonon Glass and Electron Crystal concept, CoSb3 based
skutterudites, which have an open structure (cage-like cubic
unit cell (Im3) with two icosahedron oversized voids at the
2a positions (12-coordinated)) and crystal-like electric trans-
port properties,1–3 have been intensely pursued as one of the
most promising TE materials. The efficiency of TE materials
is evaluated by a dimensionless figure of merit, ZT, defined
as ZT¼ S2T/q j, where S, q, and j represent the Seebeck
coefficient, electrical resistivity, total thermal conductivity
(j¼ je þ jL, where je and jL are the electronic and lattice
contributions, respectively) and T is the absolute tempera-
ture. Suitable void filling and chemical substitution for
CoSb3 skutterudites can dramatically reduce their relatively
high phonon mobility (thermal conductivity) while keep
their excellent electric mobility. The Yb atom has been
proved as one of the most efficient fillers owing to its low-
vibration frequency, which favors the maximum reduction of
jL.
4,5 The high-pressure synthesis technique can improve the
filling fraction limit (FFL) of Yb in CoSb3 and thus provide
a wider tuning of jL.
6,7 By using high pressure synthesis
technology, we have successfully improved the actual Yb
filling fraction to 0.29 in Yb0.29Co4Sb12 (nominal composi-
tion Yb0.6Co4Sb12).
8 The jL shows a minimum but its
electronic properties are adversely affected by the high car-
rier concentration in Yb0.29Co4Sb12. To further optimize the
TE performance, the excess electrons in Yb0.29Co4Sb12 can
be compensated by introducing a hole donor element in the
Co site. The Fe atom is well used as the hole donor for
the CoSb3 skutterudite because the Fe atom has one 3d
electron less than the Co atom and keeps a similar atomic
radius compared with the Co atom.9 However, the role of
the Fe atom in the CoSb3 structure and Yb filler is still a
questionable problem although the TE properties are
reported.10–14 To compensate the excess charge with Fe
substitution, the ratio of Fe substitution should be rela-
tively low (that is, only 1/8 or 2/8 Co site was substituted
by Fe). The change interval for Fe substitution was usually
1 (YbyFexCo4-xSb12, x¼ 1, 2, 3 and 4;10) but the interval
was 0.1 and the total Fe substitution content was smaller in
this study (YbyFexCo4-xSb12, x 1).
In this work, we studied the influence of both Yb filling
and Fe substitution on the crystal structure and physical prop-
erties of YbyFexCo4-xSb12 and compared the crystal structure,
TE properties, and magnetic properties of YbyCo4Sb12 and
YbyFexCo4-xSb12. The crystal structure refinements were per-
formed on the selected compounds by Rietveld refinement.
The physical properties were studied by measuring the dc
magnetic susceptibility, specific heat, magnetroresistivity
(MR), electric resistivity, Seebeck coefficient, Hall effect,
and thermal conductivity.a)Electronic address: sekine@mmm.muroran-it.ac.jp
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II. EXPERIMENT
The Yb filling fraction of 0.6 in YbyFexCo4-xSb12 was
utilized based on the fact that our previous results revealed
minimum thermal conductivity with this filling fraction.8
The maximum Fe-substitution content of 1 was adopted
because this Fe-substitution content already led to a transfor-
mation from n-type to p-type semiconductor.15 Fe substituted
YbyFexCo4-xSb12 samples with y¼ 0.6, x¼ 0, 0.2–1 were
synthesized using a cubic-anvil high-pressure apparatus. The
samples were prepared by reacting stoichiometric amounts
of 3N (99.9% pure)-Yb and 3N-Fe, 4N-Co, and 6N-Sb pow-
ders under 2 GPa and kept at 590 C for 120 min. Details are
described in our previous paper.16
The crystalline phases of synthesized samples were
characterized by X-ray diffraction (XRD) using Co Ka1 radi-
ation and silicon as a standard. The lattice parameters for the
samples were calculated by the least-squares fitting method.
To determine the actual element distribution and Yb filling
fraction, elemental mapping and point analysis (beam size
50 lm) of the electron probe micro-analyzer (EPMA, JEOL
JXA-8900R) were conducted on all compositions. For the
point analysis, five or six different points were carefully
chosen to reduce errors.
By utilization of synchrotron radiation, powder XRD
patterns of the selected YbyCo4Sb12 (y¼ 0.2, 0.4, and 0.6)
and YbyFexCo4-xSb12 (y¼ 0.6, x¼ 0.3, 0.5, and 0.9) were
measured with an imaging plate at ambient pressure and
room temperature. The synchrotron radiation experiment
with k¼ 0.62 A˚ was performed at the BL-18C in KEK,
Japan. The Rietveld refinement was carried out with the pro-
gram (RIETAN-FP) developed by Izumi.17
Electrical resistivity and dc magnetroresistance were
measured by the standard four-probe method. The Hall effect
measurement was performed using the Van der Pauw method
under a magnetic field of 1 and 1 T by applying an electric
current 1 mA. The Hall mobility lH was estimated from the
electrical resistivity q and the Hall coefficient RH with the
relation of lH¼ jRHj/q. The Seebeck coefficient and thermal
conductivity were measured by a thermal transport option of
the Physical Property Measurement System (PPMS; Quantum
Design Inc.). The TE properties of YbyFexCo4-xSb12 (y¼ 0.6,
x¼ 0, 0.5, 1), which have already been reported in our previ-
ous paper, were used again for comparison.15 The specific heat
measurements were carried out with the thermal relaxation
method by the PPMS. The dc magnetic susceptibility was mea-
sured with a Quantum Design SQUID magnetometer.
III. RESULTS AND DISCUSSION
A. Characterization of YbyFexCo42xSb12
The nominal composition, actual composition, and lat-
tice constant for YbyFexCo4-xSb12 are listed in Table I.
Based on the relationship between the Yb actual content and
single Yb FFL of 0.29,8,18 these nine samples were classified
into three categories: below single Yb FFL of 0.29 (Yb0.21
Fe0.35Co3.65Sb12.4 and Yb0.25Fe0.2Co3.8Sb11.8), FFL of 0.29
(Yb0.29Co4Sb12 and Yb0.29Fe0.76Co3.24Sb12.5), and above
FFL of 0.29. Following the increase in the Yb filling
fraction, the lattice constants gradually increased and
reached saturation. For the third category samples, the lattice
constant shows a saturated behavior. Figure 1 shows the ele-
mental mapping and secondary electron image of Yb0.25Fe0.2
Co3.8Sb11.8. Elemental mapping of Yb0.25Fe0.2Co3.8Sb11.8
shows a network-like Yb/Fe chemical distribution. The red
arrows indicate the high Yb/Fe area and the white arrows
index the low Yb/Fe area. It can be revealed that the distribu-
tion of the Yb atom in Yb0.25Fe0.2Co3.8Sb11.8 fluctuated fol-
lowing that of Fe. Point analysis implies that the fluctuation
of the Yb content between different Fe content areas is
around 10%. This network-like distribution of composition
favors a larger spectrum of phonons than in the case of
homogeneous distribution.19
Figure 2 shows the XRD patterns of all YbyFexCo4-
xSb12 samples. The data for x¼ 0, 0.5, and 1 are taken from
our previous paper.15 The relative intensities of the impurity
phases with respect to the main peak reflection are below
4%. The secondary phases are located in the sample ran-
domly as microsize particles and can be treated as static
point defects, which only provide an additional carrier and
phonon scattering source.20,21 Thus, it has an influence on
the carrier concentration and thermal conductivity at very
low temperature. For the magnetic measurement, the com-
pounds without magnetic impurities were carefully chosen to
reduce errors.
Figure 3(a) shows the lattice constants for YbyFex
Co4-xSb12 calculated from the least-squares method. The
dependence of lattice parameters on Yb nominal composition
comparing with the reported data for YbyFexCo4-xSb12
10 is
shown in Fig. 3(b). Yb0.21Fe0.35Co3.65Sb12.4 has a larger
lattice constant than that of Yb0.25Fe0.2Co3.8Sb11.8 due to the
high Fe substitution content. Similar to YbyCo4Sb12
(0 y 0.29),8 the lattice constants of YbyFexCo4-xSb12
enlarge with increasing Yb filling content and saturated when
the Yb filling fraction reached 0.29. The enlarge space of Yb
void filling on the CoSb3 unit cell might saturate at 30% Yb
filling. This point of view is further corroborated by phonon
scattering studies of LaxCo4SnySb12-y,
22,23 which suggest that
higher void filling fraction does not increase the unit cell
TABLE I. Nominal composition, actual composition (from the point analy-
sis of EPMA), and lattice constants for YbyFexCo4-xSb12.
Nominal composition Actual composition Lattice constant (A˚)
CoSb3 Co1.025Sb3
a 9.0371a
Yb0.2Co4Sb12 Yb0.164Co4.15Sb12
a 9.0495a
Yb0.4Co4Sb12 Yb0.2Co4.24Sb12
a 9.0590a
Yb0.6Co4Sb12 Yb0.29Co4Sb12
b 9.0668b
Yb0.6Fe0.2Co3.8Sb12 Yb0.45Fe0.13Co3.87Sb12.2 9.0631
Yb0.6Fe0.3Co3.7Sb12 Yb0.25Fe0.2Co3.8Sb11.8 9.0621
Yb0.6Fe0.4Co3.6Sb12 Yb0.43Fe0.23Co3.77Sb11.6 9.0645
Yb0.6Fe0.5Co3.5Sb12 Yb0.47Fe0.38Co3.62Sb12.4
b 9.0634b
Yb0.6Fe0.6Co3.4Sb12 Yb0.33Fe0.37Co3.63Sb12.2 9.0629
Yb0.6Fe0.8Co3.2Sb12 Yb0.21Fe0.35Co3.65Sb12.4 9.0658
Yb0.6Fe0.9Co3.1Sb12 Yb0.4Fe0.6Co3.4Sb12 9.0630
Yb0.6FeCo3Sb12 Yb0.29Fe0.76Co3.24Sb12.5
b 9.0682b
aFrom Ref. 8.
bFrom Ref. 15.
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further but only changes the point defect ratio. The third cate-
gory samples saturated, so lattice constants were maintained
in the range of 9.062 to 9.068 A˚, which is similar to the
reported values in Refs. 10 and 24. Moreover, the low Fe
substitution content (that is, the Co site substituted by the Fe
atom is lower than 1/4 in the unit cell) and slightly various
intervals of Fe substitution were also possible to cause the
irregular change for the third category samples. Therefore,
lattice constants of YbyFexCo4-xSb12 were dependent on the
actual content of both the Yb filling fraction and Fe
substitution.
The influence of Fe substitution on the crystal structure
of YbyFexCo4-xSb12 was studied by powder XRD using
synchrotron radiation. The crystal structure was refined by
Rietveld analysis of powder XRD. Figure 4 shows the
observed XRD pattern and calculated profile and their differ-
ence for Yb0.47Fe0.38Co3.62Sb12.4. The inset shows the posi-
tional parameter in Yb0.47Fe0.38Co3.62Sb12.4. Figure 5(a) plots
the edge lengths for the Sb4 ring, and the ratio of the Sb-Sb
distances along the shorter edge and the longer edge rSb
(rSb ¼ ðSb Sb0Þ=ðSb Sb00ÞÞ: rSb gradually decreases from
1.0387 to 1.0279 with increasing Yb content. The increased
Yb content can promote a transformation of Sb4 clusters from
rectangular to square. These results correlated with other Yb-
filled samples made by ambient pressure conditions reported
by Bauer et al.11 and showed a similar trend to that shown in
Fig. 5(b). Yb0.25Fe0.2Co3.8Sb11.8 and Yb0.47Fe0.38Co3.62Sb12.4
show similar rSb to that of Yb0.29Co4Sb12. However,
Yb0.4Fe0.6Co3.4Sb12 shows an obvious decrease of rSb to
1.025. This result suggests that little Fe substitution (lower
than 1/4) has little influence on the shape of Sb4 cluster
despite the increased Yb content. Higher Fe substitution (that
is, at least one site of Co was substituted by the Fe atom) was
possible to promote the change in shape of the Sb4 clusters
from rectangular to square further.
B. Magnetic properties of YbyFexCo4-xSb12
The magnetic properties of YbyCo4Sb12 (y¼ 0.164, 0.2)
and YbyFexCo4-xSb12 were studied on the selected samples
free from magnetic impurities. Figure 6 shows the inverse
magnetic susceptibility 1/v for the selected compounds as a
function of temperature. Below 50K, the temperature depen-
dence of 1/v deviated from the linear behavior due to the
influence of impurity. Above 50K, the v follows the Curie-
Weiss behavior v¼ v0 þ C/(T þ hp), where C is the Curie
constant, hp is the paramagnetic Curie temperature, and a
temperature independent susceptibility contribution v0. The
linear slope of the 1/v vs. T curve from 60 to 300K yields a
FIG. 1. EPMA of Yb0.25Fe0.2Co3.8Sb11.8. (The red arrows indicate the high
Yb/Fe area and the white arrows index the low Yb/Fe area.)
FIG. 2. XRD patterns of all YbyFexCo4-xSb12.
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total effective moment per formula units (f.u.). In
YbyFexCo4-xSb12 compounds, the magnetic susceptibility
originates from both Yb and Fe ions. Yang et al. studied the
magnetic properties of FexCo4xSb12 and suggested that Fe
in FexCo4xSb12 (x> 0.1) showed a low-spin d
5 electron
configuration with a magnetic moment of 1.73lB/Fe.
25
Therefore, the total effective moment of YbyFexCo4-xSb12
compounds is weighted by:
ltotal ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðMYb  lYbÞ2 þ ðMFe  lFeÞ2
q
; (1)
where ltotal is the calculated total effective moment per f.u.
of YbyFexCo4-xSb12 compounds, and MYb and MFe are the
actual Yb and Fe contents detected from EPMA. lYb and lFe
are the effective moment per Yb and Fe (lFe¼ 1.73lB) atom.
The valence of the Yb atom V(Yb) in YbyFexCo4-xSb12 can
therefore be estimated by V(Yb)¼lcalYb/lYb2þþ 2. Table II
FIG. 3. (a) Lattice constants for YbyFexCo4-xSb12 and (b) the dependence of
lattice parameters on Yb nominal composition comparing with the reported
data for YbyFexCo4-xSb12.
10
FIG. 4. Rietveld refinement of synchrotron XRD for Yb0.47Fe0.38Co3.62
Sb12.4 (solid line). (The red points are observed data and the green line is the
calculated profile. The difference curve is presented at the bottom along
with the tag marks indicating the Bragg positions. The inset table shows
refined positional parameters of Yb0.47Fe0.38Co3.62Sb12.4.)
FIG. 5. (a) Edge length for the Sb4 ring and the corresponding ratio rSb,
rSb ¼ SbSb0SbSb00, obtained by Rietveld analysis and (b) other Yb-filled samples
made under ambient pressure conditions from Ref. 11.
FIG. 6. Temperature dependence of inverse magnetic susceptibility 1/v.
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lists hp, v0, ltotal, lYb, and calculated Yb valence V(Yb) for
YbyCo4Sb12 and YbyFexCo4-xSb12.
The calculated Yb valence is plotted as a function of
actual Fe content in Fig. 7. The data about YbyFexCo4-xSb12
from Ref. 26 and YbxFe4Sb12 system (2.16 for Yb0.93Fe4
Sb12.08 from Ref. 27 and 2.1 for YbFe4Sb12 from Refs. 28
and 29) were added in Fig. 7 to imply the downward trend
for the Yb valence. Yb atoms show dominantly 4f13 state
(Yb3þ) in YbyCo4Sb12 (y¼ 0.164, 0.2). The Yb value is also
sensitive to the Fe content. The valence for Yb lessened
totally with the increase of Fe substitution content. It can be
explained that the electronic configuration of the 4f14 state
was more stable than that of the 4f13 state in the Fe-
substituted system. Theoretically, the cage volume increased
together with Fe substitution, which was better for bivalent
Yb (Yb2þ ionic radii 116 pm). The CoSb3 cage with low Yb
filling was suitable for trivalent Yb (Yb3þ ionic radii 100.8
pm) while the Fe4Sb12 cage has large volume. On the other
hand, the Fe atom has one electron less than the Co atom.
The total electron number of the Fe4Sb12 frame reduced, so
the Yb supplied electron number also reduced. X-ray absorp-
tion spectra studies for YbFe4Sb12 indicated that the para-
magnetism originated solely from the itinerant electron
paramagnetism of Fe-Sb host and Yb shows dominantly 4f14
state (i.e., Yb2þ without a magnetic moment).28,30 The
behavior of the Yb valence can well explain the behavior of
different resonant frequencies for Yb atoms in skutterudites
with different Fe/Co ratios observed by Nolas et al.22
Figure 8 shows the temperature dependence of electrical
resistivity for Yb0.164Co4Sb12 and Yb0.45Fe0.13Co3.87Sb12.2 at
several magnetic fields. Both compounds show positive mag-
netroresistivity (MR) in all temperature range. Below 20K,
quadratic temperature dependence was observed for both
compounds (insets of Fig. 8). In addition, the T2 dependence
maintains in fields. The coefficient A of the T2 term is listed
in Table III. The parameter A decreases slightly with increas-
ing magnetic field.
Figure 9 shows the magnetic field B dependence of nor-
malized MR at selected temperatures. For both compounds,
the field dependence of MR is strong at 2K and the depen-
dence is weakened with increasing temperature. At 2K and
50K, the q of Yb0.164Co4.15Sb12 first reduces with rising field
H up to 0.5 T and then increases with field up to 7 T.
Yb0.45Fe0.13Co3.87Sb12.2, by contrast, shows an increase of
MR in all field range. The origin of the negative MR at low
temperature for Yb0.164Co4.15Sb12 might be associated with
TABLE II. hp, v0, ltotal, lYb, and calculated Yb valence of YbyCo4Sb12 and
YbyFexCo4xSb12.
Sample hp v0(10
4) ltotal lYb V(Yb)
Yb0.164Co4.15Sb12 6.566 3.37 4.274 4.274 2.94
Yb0.2Co4.24Sb12 6.351 4.71 4.36 4.36 2.95
Yb0.45Fe0.13Co3.87Sb12.2 5.729 2.36 1.605 3.53 2.78
Yb0.47Fe0.38Co3.62Sb12.4 6.313 2.24 1.71 3.28 2.72
Yb0.4Fe0.6Co3.4Sb12 5.686 0.735 1.622 3.12 2.69
Yb0.29Fe0.76Co3.24Sb12.5 5.738 0.865 1.46 2.21 2.49
FIG. 7. Fe content dependence of the Yb valence.
FIG. 8. Temperature dependence of electrical resistivity q for (a)
Yb0.164Co4.15Sb12 and (b) Yb0.45Fe0.13Co3.87Sb12.2 at several magnetic
fields.
TABLE III. Parameter A (lX cm/K2) for q¼q0þA*T2 of Yb0.164Co4.15Sb12
and Yb0.45Fe0.13Co3.87Sb12.2.
Field B(T) 0 3 5 7
A for Yb0.164Co4.15Sb12 0.019 0.011 0.012 0.013
A for Yb0.45Fe0.13Co3.87Sb12.2 0.031 0.019 0.013 0.009
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the suppression of spin-disorder scattering by applied mag-
netic fields. The positive MR at low temperature results from
the cyclotron motion of conduction electrons in magnetic
fields (Lorentz component), while the origin of the positive
MR at high temperature has not yet been clarified.
C. Specific heat of YbyFexCo4-xSb12
In order to investigate the contribution of Yb doping and
Fe-substitution to the specific heat of YbyFexCo4xSb12, low
temperature specific heat C was measured for selected com-
pounds. Low temperature specific heat can be fitted by
C(T)¼ cT þ bT3 (Debye T3 low). c is the electronic specific
heat coefficient and the Debye temperature hD¼ (12p4Rgn/
5b)1/3, where Rg is the gas constant and n is actual atoms/f.u.
In this manner, we estimated c and hD (Table IV). The hD
values determined for Yb-doped compounds are similar to the
values reported for other antimony based filled skutteru-
dites.31,32 It is important to note that hD decreases with increas-
ing Yb content from 305K (CoSb3) to 228K (Yb0.29Co4Sb12),
which indicates a decrease in covalent bonding between the
Yb and the host lattice {Co4Sb12} polyanion structure. The
Yb-Sb distance reduced from 3.35433 A˚ for Yb0.164Co4.15Sb12
to 3.379 A˚ for Yb0.29Co4.1Sb12. However, Fe substitution for
the Co site results in an increase of hD despite the increase of
the Yb filling ratio. This hints that charge transfer between the
Yb cation and {FexCo4xSb12} polyanion became stronger
with increasing x.
In order to investigate the contribution of the Einstein
vibration, the specific heat C was plotted in (C - cT)/T3 as a
function of T (Fig. 10). The temperature dependence of
(C - cT)/T3 for CoSb3 deviates from simple Debye behavior
in the temperature range of 10–50K. This might be attrib-
uted to the low-energy optical phonons of Sb4 rings.
33,34 It
can be observed that all the compounds exhibit an enhanced
large broad maximum at around 10–20K, which should be
attributed to the Yb filler. The upturn below 5K should be
attributed to the secondary phases. The maximum tempera-
ture Tmax shifts to lower temperature from 21.5 to 16.4K
with increasing Yb content. Tmax corresponds to the Einstein
temperature hE with the relation hE ﬃ 4.92Tmax. The values
of estimated hE are also listed in Table IV. The obtained
Einstein temperature hE for Yb filling compounds is between
75 and 106K. Those values are in good agreement with these
acquired from extended X-ray absorption fine structure
experiment (72K and 79K) and so on.4,35 The hE decreases
from 106 to 75K with increased Yb content in the {Co4Sb12}
polyanion structure. The reduction of hE suggested that the
low-energy optical modes (LGOMs) were shifted to lower
temperature. The Fe substitution for Co, however, does not
affect hE although the actual Yb filling ratio increased in the
{CoxFe1xSb12} polyanion. This result is consistent with
the behavior of lattice thermal conductivity and might be the
comprehensive effect of the increased Yb filling fraction and
decreased Yb valence in the {CoxFe1xSb12} polyanion.
D. Thermoelectric and transport properties
of YbyFexCo4-xSb12
Figure 11(a) shows the temperature dependence of total
thermal conductivity j. As Fe nominal content x increases, a
reduction of thermal conductivity in YbyFexCo4-xSb12
(except x¼ 0.2) is observed above 50K. This behavior was
also observed in other Fe substituted CoSb3-based com-
pounds.36 To investigate the origin of this behavior, the
FIG. 9. Magnetic field dependence of normalized MR of (a) Yb0.164Co4.15Sb12
and (b) Yb0.45Fe0.13Co3.87Sb12.2 at selected temperature.
TABLE IV. Electronic specific heat coefficient c, hD, and hE for
YbyFexCo4xSb12.
Sample c (mJ/mol K2) hD (K) hE (K)
Co1.025Sb3 12 305 106
Yb0.164Co4.15Sb12 43 245 86
Yb0.29Co4.1Sb12 71 228 75
Yb0.45Fe0.13Co3.87Sb12.2 73 230 78
Yb0.25Fe0.2Co3.8Sb11.8 84 233 77
Yb0.47Fe0.38Co3.62Sb12.4 74 262 78
FIG. 10. Temperature dependence of
(C - cT)/T3 for the selected YbyFex
Co4xSb12.
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electronic contributed thermal conductivity je is isolated by
using the Wiedemann-Franz law: je¼L0T/q, where L0
denotes the Lorenz number with a numerical value of
L0¼ 2.0 108 V2/deg2, which is an experimental value
estimated by Dyck et al. for skutterudites.37 The lattice ther-
mal conductivity jL is obtained by subtracting je from j and
is plotted in Fig. 11(b). From Fig. 11(b), the jL follows well
with the T1 dependence above 100K, implying that the
main phonon scattering mechanism is the umklapp process
(phonon-phonon scattering).22,38 The jL of YbyFexCo4-xSb12
at 300K slightly increased. That is, the higher Yb filling
fraction does not decrease jL further. The reduction of j
mainly originated from the decrease of je. From the
Wiedemann-Franz law, it is clear that the decrease of je was
caused by the increase of resistivity with increasing Fe nomi-
nal content x.
Table V summarizes the resistivity q, Seebeck coeffi-
cient S, carrier concentration n, and ZT of YbyFexCo4-xSb12,
at 300K. The resistivity q of YbyFexCo4-xSb12 gradually
increases with the increase in the Fe substitution content.
This behavior might be related to the change of Sb4 shape
(as shown in Fig. 5).39 In our former research,8 compared
with unfilled CoSb3, the q of YbyCo4Sb12 can be obviously
reduced by Yb filling. The fluctuation of the Yb actual com-
position in YbyFexCo4-xSb12 has no obvious influence for the
variation trend of q. The S first increases with increasing Fe
content, then slightly decreases after reaching its maximum
absolute value, and finally transfers from negative to positive
value abruptly for Yb0.4Fe0.6Co3.4Sb12 and Yb0.29Fe0.76
Co3.24Sb12.5. This is because little Fe substitution for Co can
compensate the excess electrons introduced by the Yb filler;
however, as the Fe content increases, the conduction band will
become bipolar, which will decrease the Seebeck coefficient;40
the further increased Fe content leads the dominant carrier to
change from electrons to holes, and the Seebeck coefficient
transfers from negative to positive correspondingly.
In general, each Fe atom generated one hole in the unit
cell, and Fe substitution for the Co atom would lead to a
reduced carrier concentration. However, Fe substitution also
causes an increase in the filling fraction of Yb in the YbyFex
Co4-xSb12 system. Therefore, the competition between the
Yb content (electron donor) and Fe content (hole generator)
results in an increase of n. n reaches the maximum at Yb0.25
Fe0.2Co3.8Sb11.8 and decreases with increasing Fe substitu-
tion content. The maximum n of 5.4 1021 cm3 is observed
for Yb0.25Fe0.2Co3.8Sb11.8.
The value of room temperature ZT shows a parabolic
behavior as the Fe content increases. The highest ZT
(ZT¼ 0.12) was observed in Yb0.25Fe0.2Co3.8Sb11.8 at 300K.
For the Yb-filled Fe substituted CoSb3 based skutterudites,
ZT¼ 0.15 at room temperature always corresponds to
ZT¼ 0.6–0.9 at around 800K.10,14,41 Therefore, a higher fig-
ure of merit in Yb0.25Fe0.2Co3.8Sb11.8 is expected in high
temperature range.
Hall mobility at room temperature as a function of n for
YbyFexCo4-xSb12 is shown in Fig. 12. The carrier mobility
lH is obtained from the resistivity and n. The data of n-type
YbyCo4Sb12 samples are included for comparison.
8,42 The
FIG. 11. Temperature dependence of (a) j and (b) jL for YbyFexCo4-xSb12
at 300K.
TABLE V. Thermoelectric and transport properties for YbyFexCo4-xSb12 at 300K.
Actual composition S (lV/K) q (mXcm) n (1021 cm3) k(W/mK) kL(W/mK) ZT
Yb0.29Co4Sb12 64 0.5 0.6 3.6 2.02 0.083
Yb0.45Fe0.13Co3.87Sb12.2 74.4 0.42 3.0 3.89 2.2 0.1
Yb0.25Fe0.2Co3.8Sb11.8 94.2 0.78 5.4 2.78 1.81 0.12
Yb0.43Fe0.23Co3.77Sb11.6 77.6 0.61 1.5 2.88 1.73 0.1
Yb0.47Fe0.38Co3.62Sb12.4 115.9 1.47 2.2 2.66 2.14 0.11
Yb0.33Fe0.37Co3.63Sb12.2 102.5 1.3 1.0 2.43 1.84 0.103
Yb0.21Fe0.35Co3.65Sb12.4 101.3 3.2 0.32 2.7 2.45 0.038
Yb0.4Fe0.6Co3.4Sb12 62.2 4.7 0.020 2.27 2.12 0.01
Yb0.29Fe0.76Co3.24Sb12.5 71.1 2.6 0.034 2.46 2.15 0.027
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Hall mobility decreases with increasing carrier concentration
due to the increase of the scattering effect. At the same n, the
lH of YbyFexCo4-xSb12 is smaller than that of YbyCo4Sb12,
which implies that the mean free path of the electron was
reduced by Fe substitution for the Co site.
To gain deep insight into the effects of Fe substitution
on the band structure, the effective mass of all samples was
calculated. The effective mass was estimated by using a sim-
ple parabolic band model dominated with acoustic phonon
scattering. The Seebeck coefficient S is described as
below32,43
S ¼ 6jB
e
2F1 gð Þ
F0 gð Þ  g
" #
; (2)
where jB is the Boltzmann constant, e is the electron charge,
g is the reduced Fermi level with g¼EF/jBT, and Fn is the
Fermi integral of order n and can be expressed as
Fn gð Þ ¼
ð/
0
xn
1þ e xgð Þ dx: (3)
On the basis of the degenerate nature of the YbyFexCo4-xSb12
system, Eq. (2) can be written as44
S ¼ 8p
2j2B
3eh2
m	T
p
3n
 2
3
; (4)
where h is Planck’s constant, m* is the effective mass, and n
is the carrier concentration.
The effective mass m*/m0 as a function of n is shown in
Fig. 13. The dashed line shows the n13 dependence that is
observed for the non-Fe containing CoSb3-based skutteru-
dite. The solid line shows the n23 dependence for Fe con-
taining CoSb3-based skutterudites. The effective mass of the
carriers for YbyFexCo4-xSb12 is consistent with the trend of
the c value estimated by specific heat and linearly increases
with increase of carrier concentration and reaches to the
maximum of 14.4 m0 at the highest carrier concentration
of n¼ 5.4 1021 cm3. The m*/m0 of Yb-filled and Fe-
substituted compounds YbyFexCo4-xSb12, YbyFexNi4-xSb12,
and Ca0.11Ce0.95Fe1.47Co2.53Sb12 following the solid line
approximately varied as n2/3 while the effective masses for
compounds without Fe (YbyCo4Sb12, YbyPdxCo4xSb12, and
YbyPtxCo4xSb12) follow well with the linear dispersion
model in which m*/m0 varied with n
1/3.47 It can be specu-
lated that the conduction band edge is not only affected by
the filler atom but also by the Fe substitution for the Co site.
The relatively high effective mass presented in the Fe
substituted system might originate from the large density of
states caused by Fe 3d states or the hybridization effect of
rare earth electrons with Fe 3d states.4,48 This result is in
accordance with band structure calculation results, which
predicted a heavy conduction-band mass originating from
hybridization of Yb 4f and Fe 3d states.46
IV. CONCLUSION
Partially Yb-filled skutterudites YbyFexCo4-xSb12 (0.21
 y 0.47, 0 x 0.76) have been synthesized under a high
pressure of 2 GPa. XRD and EPMA results indicate that the
synthesized compounds were high purity skutterudites. The
actual compositions were employed to analyze the influence
of Yb filling and Fe substitution. The structure, magnetic,
and transport properties were effectively tuned by varying
the content of Fe. Lattice constants show a saturated behav-
ior for Yb filling higher than 0.29 and Fe substitution lower
than 1. Fe substitution for the Co atom can promote the
transformation of the Sb4 cluster from rectangular to square.
The magnetic susceptibility measurements indicate that the
valence of the Yb filler decreased with the increase of Fe
content. The Debye temperature decreases with increasing
Yb content but increases by Fe substitution. The reduction of
Einstein temperature with increasing Yb content suggested
that the LGOMs shifted to lower temperature by the Yb
effective filling. The thermal conductivity j is reduced by
increasing the Fe content. The largest decrease in lattice ther-
mal conductivity is observed in 29% filling of the voids with
Yb. The Fe substitution for the Co site does not further
decrease lattice thermal conductivity although the Yb filling
fractions were improved. All compounds with Fe content
FIG. 12. Hall mobility lH as a function of carrier concentration n for
YbyFexCo4-xSb12. FIG. 13. Carrier concentration n dependence of effective mass m*/m0 for
YbyFexCo4-xSb12 at 300K, where m0 is the free electron mass. (The effec-
tive mass for Fe substituted and non-Fe substituted skutterudites are
included for comparison.19,44–46)
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lower than 15% in the Co site possess an enhanced figure of
merit compared with their parent compound Yb0.29Co4Sb12.
A maximum of 38% improved figure of merit (ZT¼ 0.12) is
achieved in Yb0.25Fe0.2Co3.8Sb11.8 at 300K. The calculation
of the effective mass suggests that YbyFexCo4-xSb12 shows a
heavy electron band system due to the substitution of Fe.
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